In this study, 5 combinations of 2 DNA extractions and 3 polymerase chain reaction (PCR) techniques were compared with culture for the detection of Mycobacterium paratuberculosis directly from bovine feces. These combinations included a new commercial extraction technique combined with a commercial PCR/Southern blot technique, nested PCR (nPCR), or real-time PCR, and a university-developed extraction combined with nPCR or real-time PCR. Four of the 5 combinations had statistically similar sensitivities between 93% and 100% and specificity between 95% and 100%, when compared with culture results from 63 bovine fecal samples. These results indicated that using a commercial extraction with a commercial PCR/Southern blot, nPCR, or real-time PCR, or a university-developed extraction with real-time PCR would result in similar sensitivities to culture for the identification of M. paratuberculosis from bovine feces and are valid alternatives to culture.
USA and other countries have instituted a ''proactive'' approach to control the transmission of this bacteria through voluntary Johne's certification programs. These programs have a goal of eradicating the disease from dairy and beef cattle and necessitate the development of high-throughput, sensitive diagnostic methods for the detection of M. paratuberculosis-infected animals and animal products.
The most commonly used diagnostic methods for the antemortem detection of animals infected with M. paratuberculosis include microbial culture of fecal material and enzyme-linked immunosorbent assays (ELISAs) that detect serum antibodies. The major disadvantage of using conventional culturing is the long incubation time, with at least 12-16 weeks for definitive identification of the organism. The BACTEC culture system a may reduce the detection time by 4-7 weeks, but in either case, the incubation period is several weeks. Serum antibodies to M. paratuberculosis can also be detected by complement fixation (CF) and agar gel immunodiffusion (AGID), with ELISA being analytically more sensitive than either the CF test or the AGID test. ELISAs can be performed in a few hours, but sensitivity is estimated at 45% because antibodies to M. paratuberculosis may not be detectable until late in infection. 7 Several polymerase chain reaction (PCR)-based tests have been developed to detect M. paratuberculosis DNA. 2, 6, 9, 25, 32, 33 However, it has been difficult to achieve a sensitivity equal to culture for detecting M. paratuberculosis directly from bovine feces by PCR. In this study, a comparison was made of 5 combinations of 2 DNA extractions and 3 PCR techniques with fecal culture for the detection of M. paratuberculosis in bovine feces. These combinations included a commercial extraction b with a PCR/Southern blot, b nested PCR (nPCR), or real-time PCR and a university-developed extraction (Murray State University, Breathitt Veterinary Center, Hopkinsville, KY) 26 combined with nPCR or real-time PCR.
Obtaining bacterial or viral genomic material from feces has been difficult. Often, PCR inhibitors in feces such as blood (heme), bile salts, plant components, and complex carbohydrates may inhibit PCR amplification. 1, 12, 13, 31, 36 Several methods have been attempted to decrease inhibitors, including sample dilution, the addition of cationic surfactants, or other sample facilitators such as bovine serum albumin or polyethylene glycol. In addition to PCR inhibitors in feces, specific M. paratuberculosis DNA might not be detected because fecal material is nonhomogenous; M. paratuberculosis has been observed to ''clump'' within the feces, and the bacteria may not be present in high amounts. Therefore, the challenge of detecting M. paratuberculosis DNA in feces resides not only in the PCR procedure but also in obtaining a concentrated and PCR inhibitor-free DNA extraction.
After DNA extraction, several types of PCR may be performed for DNA amplification. Nested PCR has been demonstrated to be more sensitive than a single PCR 4,6 because this method results in exponential amplification of an already exponentially amplified PCR product. Southern blotting is usually performed by transferring DNA from a single PCR amplification to a membrane and detecting the DNA with colorimetric or radioisotopic methods. The real-time PCR used in this study was performed with a fluorescent probe called a molecular beacon, which was designed specifically to detect the IS900 sequence 5,10 of M. paratuberculosis. The molecular beacon consists of a stemand-loop structure containing complementary nucleotides to this target sequence. A fluorophore and a nonfluorescent ''quencher,'' one on each arm, form a nonfluorescent hairpin structure, except when the molecular beacon encounters a target. The loop sequence then hybridizes with the target sequence, the stem hybrid disassociates, and the fluorophore and quencher separate, allowing for fluorescence detection. c This system allows PCR product detection and quantitation to be performed in a closed tube, 96-well plate format. Molecular beacons have been used previously in the detection of viral, fungal, and bacterial genomes and may have some advantages over linear fluorescent probes. 16, 17, [19] [20] [21] [22] 24, 29 Using the 5 combinations of 2 DNA extractions and 3 PCR techniques, the goal of this study was to determine the sensitivity and specificity of each combination in comparison with fecal culture. The culture results obtained from the National Veterinary Services Laboratories (NVSL, Ames, IA) proficiency tests were considered the reference for sensitivity and specificity determinations.
Materials and methods
Fecal samples and experimental procedures. Sixty-three bovine fecal samples were obtained from the 1999, 2000, and 2001 NVSL proficiency tests d for the detection of M. paratuberculosis ( Table 1 ). The M. paratuberculosis positive fecal samples were obtained from naturally infected cattle. These samples were homogenized to attempt to evenly distribute the bacteria before aliquoting the samples for distribution to each laboratory for proficiency testing. Nineteen of the samples were culture negative for M. paratuberculosis and 44 were M. paratuberculosis positive ( Table 1 ). The culture results obtained from the NVSL samples were considered the ''gold standard'' for comparison with 5 combinations of 2 DNA extractions and 3 PCR techniques. For each sample, culture results were available from other diagnostic laboratories participating in the NVSL proficiency test. These results were used to calculate an agreement with the NVSL results ( Table 1 ). The extraction/PCR techniques were evaluated in combinations of a commercial kit including the commercial extraction b with a PCR/Southern blot b ; the commercial extraction b with nPCR; the commercial extraction b with real-time PCR; a university-developed extraction with nPCR; and the university-developed extraction with real-time PCR (Table 1) .
Bacterial culture. The NVSL fecal samples were cultured using 1 of 3 culture techniques, and results were used for the NVSL ''key'' ( Table 1 ). The majority of the fecal samples (48 of 63 [76%]) were cultured using a previously described centrifugation technique. 35 The remaining 15 fecal samples were cultured using an alternate centrifugation technique described previously 27 (Nos. 1, 5, 10, 15, 20, and 24-2001) or a sedimentation technique 34 (Nos. 5, 9, and 10-1999; Nos. 3, 4, 8, 14, 18, and 19-2001) (Table 1) . A designation of ''too numerous to count'' was used if Ͼ75 colonies were observed in the culture tube. Each sample was tested in triplicate for the NVSL results, and the range of colony-forming units (CFU) is listed in Table 1 . A positive control culture and a negative control were used for all PCR procedures.
Commercial DNA extraction. b A new commercial kit released in 2001 was used according to insert instructions. b A 1-g fecal sample was suspended in 25 ml of sterile distilled water containing 10 N NaOH with an extraction detergent and vortexed with polycarbonate beads for 2 min. The sample was allowed to settle for 30 min, and the supernatant was then transferred to a clean tube and centrifuged at 1,750 ϫ g for 30 min. The pellet was washed, vortexed, and centrifuged at 1,750 ϫ g for 30 min. The supernatant was removed before 3 proprietary lysing reagents were added to the pellet, and the bacterial lysate was placed in a lysing matrix tube. Mechanical disruption of the sample was per-formed for 30 sec at 5.5 m/sec in a multitube homogenizing system e that allows the release of intact DNA. After disruption, the tube was placed on ice and centrifuged at 8,000 ϫ g for 5 min. The supernatant was transferred to a clean tube and centrifuged at 16,000 ϫ g for 10 min. For DNA purification, a matrix-binding solution was added to 700 l of supernatant and allowed to incubate at room temperature. After centrifugation, the matrix was washed, a matrix elution buffer was added, and the solution was incubated at 37 C for 10 min. The supernatant obtained after centrifugation was added consecutively to each of 3 DNA column purification buffers. The final DNA product was eluted from the column, precipitated with ethanol, washed, resuspended in a suspension solution, and incubated at 37 C for 30 min. Five microliters of DNA was used for PCR.
University-developed extraction. The university-developed extraction has been described previously. 26 One gram of feces was suspended in 25 ml of 0.2 N NaOH, 0.1% Tween 80, and 1 ppm antifoam 289 f and vortexed with glass beads g for 2 min. The sample was allowed to settle for 30 min, and the supernatant was then transferred to a clean tube and centrifuged at 1,500 ϫ g for 30 min. The pellet was washed, vortexed, and centrifuged at 1,500 ϫ g for 30 min. Subsequently, the pellet was transferred to a 1.5-ml safe lock tube h containing 500 mg of 0.1-mm-diameter Zirconium beads along with 750 l of 6 M NaI (6 M NaI in 100 mM Tris, 10 mM ethylenediaminetetraacetic acid, pH 7.5). This mixture was vortexed and held on ice for 30 min; then the pellet was disrupted in a Mini-Bead Beater i on high speed for 3 min. After disruption, the tube was placed on a tube rocker for 20 min, and the supernatant was removed. The DNA bound to the zirconium beads was washed thrice with wash buffer, twice with 70% ethanol, and once with acetone. The zirconium beads were vacuum dried in a speed vac, and 100 l of sterile distilled water was added to each tube. Deoxyribonucleic acid was eluted from the beads by placing the tubes in a boiling water bath for 15 min, cooling, and then centrifuging at 16,000 ϫ g for 1 min. The bottom of the tube containing the zirconium beads was pierced and placed into a sterile 12-ϫ 75-mm tube, and the eluted DNA was collected by centrifugation at 1,000 ϫ g for 2 min. Ten microliters of DNA was used for PCR.
Commercial PCR and Southern blot. b Five microliters of DNA was added to a proprietary master mix and placed in a thermal cycler, according to insert instructions. b After thermal cycling, the DNA was detected using a nylon membrane, as stated in the insert instructions. b The presence of M. paratuberculosis DNA was determined by the presence or absence of a colored spot on the nylon membrane.
Nested PCR. Nested PCR was performed as described previously. 6 The presence of a 167-bp band was indicative of the presence of M. paratuberculosis-specific DNA.
Real-time PCR. For real-time PCR, the molecular beacon ( 5 Ј T E T-C G G A C C G TA A C TA C C C G C G G C G T G A -TGGGTCCG-DABCYL3Ј) was designed to detect the IS900 gene 5 of M. paratuberculosis (underlined bases are arm sequences). Tetrachloro-6-carboxyfluorescein-5Ј (TET) was used as the reporter dye and fluorochrome, and 4-dimethylaminophenylazobenzoic acid-3Ј (DABCYL) was used as the quencher. This procedure has been described previously. 10 Statistical analysis. Specificity and sensitivity with a 95% confidence interval were calculated 18 based on the normal distribution. j
Results
In this study, 5 combinations of 2 DNA extractions and 3 PCR techniques were compared with culture results for the detection of M. paratuberculosis from a total of 63 bovine fecal samples ( Table 1 ). The sensitivity for the 5 procedures ranged from 82% to 100% with the university-developed extraction/nPCR having a significantly lower sensitivity than most of the other procedures ( Table 2 ). All other procedures had a similar sensitivity between 93% and 100%. The university-developed extraction method combined with either nPCR or real-time PCR differed in specificity from culture because 1 fecal sample from each method was found to be positive for M. paratuberculosis, whereas the NVSL culture results were M. paratuberculosis negative (Table 1) . Therefore, the specificity of the university-developed extraction combined with nPCR or real-time PCR was 95%, whereas the remaining 4 procedures had a specificity of 100% when compared with culture ( Table 2) .
Discussion
This study demonstrated no statistically significant differences in sensitivity between 4 different extraction and PCR combinations compared with culture for the detection of M. paratuberculosis in bovine fecal samples. These combinations performed equally well when compared with culture and consisted of a commercial extraction b with nPCR, real-time PCR, or commercial PCR/Southern blot technique b or a universitydeveloped extraction with real-time PCR.
The commercial extraction with nPCR had perfect correlation with the culture results obtained by NVSL. The commercial extraction with commercial PCR/ Southern blot b or the commercial extraction b with realtime PCR had 1 or 3 samples that differed from culture d , respectively. The disparate samples had low colony counts with a range of 3-5; 3-8, or 9-12 CFU per tube and were samples that many laboratories were also unable to culture (e.g., only 71-79% of the laboratory cultures were positive for M. paratuberculosis for these samples) ( Table 1) . These low colony counts may lead to false-negative results, presumably because of nonhomogeneous distribution of bacteria in the samples. However, because the same commercial extraction was used for all 3 PCR techniques, there may be a polymorphism within the IS900 sequence that would prevent a commercial probe used in the blotting procedure or the real-time PCR fluorescent probe from detecting these particular M. paratuberculosis isolates. The DNA sequence of these bacterial isolates would be needed to confirm whether this occurred.
The specificity of the 5 combinations of extraction and PCR were between 95% and 100%, which indicated that either no false-positive results or a very low number of false-positive results occurred (Table 1) . It should be noted that even among other laboratories that used culture compared with the NVSL gold standard culture, a specificity of 90-100% was also observed. This would indicate that cross-contamination had occurred in these laboratories, the NVSL gold standard result was incorrect, or the possibility that a small number of laboratories may have had M. paratuberculosis in the fecal sample they received. Because the vast majority of culture results agreed with NVSL, it is more likely that some cross-contamination or misidentification occurred with some laboratory cultures.
There was a significant difference in sensitivity between the university-developed extraction with realtime PCR and the university-developed extraction with nPCR. Because the nPCR performed well when used in combination with the commercial extraction b (100% sensitivity and specificity), this finding suggests an interaction between the extraction method and nPCR that contributed to the differences in results. The commercial extraction b used DNA purification columns with ethanol precipitation, which differed from the university-developed extraction. These procedures may have eliminated PCR inhibitors, whereas inhibi-tors leading to the false-negative results may have affected the university-developed extraction with nPCR. Because the university-developed extraction worked well with real-time PCR, the real-time PCR may be less affected by PCR inhibitors and more sensitive than nPCR. The university-developed extraction also resulted in 2 PCR-positive reactions (1 each with nPCR and real-time PCR) from samples with negative culture results. This suggested that the multiple manipulations associated with the university-developed extraction might contribute to carry-over contamination. The complexity of this extraction may also contribute to the false-negative results. The commercial extraction b is also quite labor intensive and complex. However, the addition of ''spin columns'' for purification, a DNA precipitation procedure, and a ''kit'' format may result in better removal of PCR inhibitors and a greater amount of DNA with less possibility of carry-over contamination, leading to more accurate results. Interestingly, a previous study (Singh SN et al.: 1996, 39th Annual AAVLD Proceedings, p. 50) using the university-developed extraction in combination with a Southern blot had nearly identical sensitivity and specificity, 83.4% and 95% respectively, to the university-developed extraction combined with nPCR in this study. The 1996 study also demonstrated a 42.26% sensitivity of the older version of the commercial DNA probe assay b when compared with culture. These findings illustrate the importance of the extraction procedure and the advances achieved in DNA extraction from fecal material and PCR methodology during the past several years.
The PCR methodologies (nPCR, real-time PCR, and commercial PCR/Southern blot b ) performed equally well with the commercial extraction, b indicating that the DNA extraction was the key for the detection of M. paratuberculosis in feces. However, there are advantages and disadvantages with each PCR technique. Both nPCR and PCR/Southern blot have additional post-PCR detection steps, which can slow the detection process. The nPCR requires agarose gel preparation for DNA loading and electrophoresis, and the blotting technique requires transfer of the DNA to a solid support, probe hybridization, washing, and detection of the probe-target hybrids using a colorimetric procedure. In contrast, rapid results are obtained by using real-time PCR with a higher throughput because reactions can be set up in a 96-well plate, and the post-PCR analysis is obtained from a computer printout. Thus, there is potential for decreased DNA contamination because real-time PCR is a ''closed tube'' system where reaction mixtures are set up, covered, and never reopened for additional amplification compared with nPCR or Southern blotting procedures. Real-time PCR can also be used to quantitate DNA for pathogenesis and treatment studies, to identify high or low shedders, or to determine bacterial load in specimens. One disadvantage of the real-time PCR is the higher cost of instrumentation to perform this PCR. However, newer, less expensive, and rapid cycling real-time PCR instrumentation is being produced currently.
The need for rapid, reliable PCR procedures for the detection of M. paratuberculosis is important for certification of Johne's-free herds and economic and public health concerns. Until recently, PCR procedures for the detection of M. paratuberculosis from fecal samples have not been as sensitive as fecal culture. In this study, 4 extraction/PCR combinations were 93-100% as sensitive as culture for the detection of M. paratuberculosis from fecal samples and could detect Ͻ4 CFU of bacteria. All methods were fairly labor intensive, primarily because of multiple steps in the DNA extraction procedures. Additional post-PCR methods were also required with nPCR and PCR combined with a Southern blot. However, because there were no statistical differences in sensitivities between these 4 methods, some advantages could be observed in using the commercial extraction with real-time PCR. This combination has higher throughput capacity, the ability to quantitate DNA, and fewer manipulations in PCR setup and post-PCR detection when compared with nPCR or Southern blotting. Hopefully, streamlining the extraction, PCR and post-PCR detection might be important considerations in the further commerciali-zation of this test for the identification of M. paratuberculosis in fecal samples.
